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Abstract 
Emerging technology high energy laser (HEL) weapon systems create a myriad of 
new threats to safety as well as security.  One of the primary causes of these concerns is 
off-axis laser propagation caused by ever-present particulate and molecular scattering 
media in the atmosphere.  The scatter from these aerosols and molecules can redirect 
some of the HEL’s concentrated energy towards unintended targets such as the eyes of 
pilots, friendly fighters on the surface, or innocent bystanders.  Of particular interest to 
the laser intelligence (LASINT) community is the possibility that off-axis irradiance from 
HEL weapon systems could be covertly measured with enough accuracy to provide 
critical information about HEL weight-power relationships, beam characteristics, and 
target intelligence information.  The purpose of this research is to quantify how much off-
axis propagation may occur in specific directions given a set of simulated HEL 
engagement scenarios involving different HEL characteristics, geometries, and 
atmospheric conditions.  Further simulations assess the amount of information that can be 
derived about HEL platform characteristics and intended target from remotely measured 
off-axis intensity via inversion techniques.  The High Energy Laser End-to End 
Operational Simulation (HELEEOS) software package is used to exploit its fast-running 
scaling law propagation methods and its robust probabilistic atmospheric database.  
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THE SIMULATION OF OFF AXIS LASER PROPAGATION USING HELEEOS 
 
I. Introduction 
 
Background   
Today lasers have many different uses and can be found in much of today’s new 
technology.  They are used in DVD players, CD players, builder’s leveling devices, 
precise cutting tools, guns (for aiming), communication devices, light shows, and in 
military applications.  The word laser is an acronym for Light Amplification by the 
Stimulated Emission of Radiation.  This research is primarily focused on High Energy 
Lasers (HELs), or weapon grade lasers being developed for the US Department of 
Defense (DoD). 
Problem Statement  
 With the emerging HEL weapon systems, threats are posed to safety as well as 
security.  One of the causes of these concerns is the off-axis laser propagation due to 
aerosols and molecules in the atmosphere.  The atmosphere can scatter these HELs to 
unwanted places such as the eyes of pilots or to innocent bystanders.  Additionally it is 
possible that the scattered HEL energy could be remotely detected and critical 
information about the origin, beam characteristics, and targets could be deduced.  This 
thesis uses a high energy laser simulation model to determine how much off-axis 
propagation is occurring in specific directions as well as determine what information can 
be picked up about the platform and target of a HEL. 
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Research Objective 
The High Energy Laser End-to-End Operational Simulation (HELEEOS) model is 
used in this thesis to analyze the off-axis propagation of a laser beam.  By knowing the 
platform location and orientation of a laser beam, the intensity at an off-axis observing 
point or points is determined.  Future work will consist of comparing HELEEOS with 
two similar software models from the National Air and Space Intelligence Center 
(NASIC) and applying what is learned from this research to the laser intelligence 
community. 
Hypothesis  
Given the three dimensional coordinates, the orientation, and the off-axis 
irradiance measurement of a HEL beam, along with local atmospheric conditions, the 
radiance of a platform and the irradiance of a target can be calculated using the Matlab 
based program, HELEEOS. 
Research Focus 
It is the goal of this research to develop a database spreadsheet of the off-axis 
propagation of high-energy lasers using HELEEOS as the vehicle.  The initial part of this 
research entails becoming familiar with all of its limitations and capabilities of 
HELEEOS.  Currently HELEEOS is still in its early stages with version one having been 
released earlier this year and version two still underway.  Once all avenues of this off-
axis laser propagation have been explored, future work will consist of comparing 
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HELEEOS with two other similar software programs that are currently in use by the 
National Air and Space Intelligence Center. 
Summary of Current Knowledge 
The HELEEOS model has been developed from an extensive review of literature 
on high-energy laser propagation from the past 25 years.  HELEEOS is the first software 
program of its kind and it includes the integration of a variety of laser devices, beam 
control technologies, atmospheric compensation performance, and target interaction 
issues.  The HELEEOS model assumes a continuous wave (CW) operation, that the 
beams are focused and uniform, fast steering mirrors (FSM) are available, and that the 
targets are flat plates (Bartell, 2004).  This work represents the first attempt to use 
HELEEOS has never been used to study the off-axis HEL propagation of lasers.  
Approach/Methodology 
The primary purpose is to accomplish inverse analysis of off-axis laser 
propagation.  A specific three-dimensional position is chosen that is not in the direct path 
of the laser simulated HEL beam.  The amount of off-axis laser propagation that reaches 
this area in the simulation is used to determine the irradiance from the platform and the 
intensity reaching the target.  It is assumed that all atmospheric conditions are known 
such as relative humidity, air pressure, temperature, cloud conditions, fog conditions, rain 
rate, wind speed, and visibility.  Another assumption is that the orientation of the 
platform is known.  If the distance between the target and the platform is known, the 
exact intensity reaching the target can be calculated.  When the composition of the target 
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is known, HELEEOS then calculated a probability of kill.  Furthermore, once the distance 
between the target and the platform is known, tables of distance versus irradiance on 
target are formulated.  As the altitude decreases, particles and molecules increase, also 
increasing the extinction (absorption and scattering) of a beam.  Note that scenarios with 
platforms and targets at the same altitude must be analyzed along with platforms and 
targets with different altitudes, affecting the study of beams over long distances where the 
platform and target are both at the same high altitude.     
In addition, other variables still must be taken into account such as the wavelength 
of different lasers, thermal blooming, diffraction, optical turbulence, mechanical jitter 
(vibration from the aircrafts engine), and wave-front error.  Real world calculations are 
simulated in HELEEOS with the assistance of Extreme and Percentile Environmental 
Reference Tables (ExPERT) and Directed Energy Environmental Simulation Tool 
(DEEST). ExPERT is a computer program that provides a probabilistic climate database 
for 299 sites around the world. For each of these land sites, ExPERT allows the user to 
view monthly and hourly percentile data, duration data, and yearly minimum and 
maximum values for altimeter setting, dew point temperature, absolute humidity, relative 
humidity, specific humidity, temperature, wind speed, and wind speed with gusts 
(Fiorino, 2004).  DEEST is an optical turbulence decision aid used to simulate directed 
energy weapon scenarios.  DEEST uses the Air Force Weather Agency (AFWA) MM5 
forecast data.  DEEST represents atmospheric optical turbulence values (Fiorino, 2004). 
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II. Literature Review 
Chapter Overview 
The intent of this chapter is to familiarize the reader with terms being used 
throughout the document, as well as to provide a review of some of the fundamental 
concepts and ideas.  The low Earth atmosphere will be described along with some of its 
parameters and conditions; their relation to this work will be covered later.  Some prior 
knowledge of atmospheric and laser physics is assumed. 
Literature Review 
The following section covers major concepts applying to HELEEOS and the off-
axis propagation of a HEL.  The usage of HELEEOS to calculate the off-axis propagation 
of a HEL has never been explored.  In fact, little work has been done previously towards 
this exact topic.  Literature of major concepts will clarify underlying issues.  The relative 
research begins with a background of specific applications of HEL’s followed by a 
description of the atmosphere.  Next, a brief overview of absorption, thermal blooming, 
optical turbulence, and scattering is discussed.  Subsequently, the software program 
HELEEOS is described in detail, and finally, a description of real world applications such 
as the Airborne Laser (ABL) program is covered.  
History 
In 1917, Albert Einstein was the first person to theorize about "Stimulated 
Emission.”  In 1954, Charles Townes and Arthur Schawlow invented the maser 
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(Microwave Amplification by Stimulated Emission of Radiation), which did not involve 
visible light.  In 1958, Charles Townes and Arthur Schawlow theorized about a visible 
laser, an invention that would use infrared and/or visible spectrum light.  Theodore 
Maiman invented the first ruby laser.  Many people say that Theodore Maiman invented 
the first optical laser; some agree that Gordon Gould was the first. Gordon Gould was the 
first person to use the word "laser."  There is good reason to believe that Gordon Gould 
made the first light laser. Gould was a doctoral student at Columbia University under 
Charles Townes, the inventor of the maser. Gordon Gould was inspired to build his 
optical laser starting in 1958, but he failed to file for a patent for his invention until 1959. 
As a result, Gordon Gould's patent was refused and others exploited his technology.  Not 
until 1977 did Gould to finally win his patent war and receive his first patent for the laser 
(About Inventors, 2005). 
Relevant Research 
The main focus of current research is on weapon grade HELs.  In 1994, the DoD 
adopted Advanced Concept Technology Demonstrations (ACTD) to decrease the amount 
of time required for new technologies to transition from the developers' hands to the 
users' hands.  The ACTD emphasizes technology assessment and integration rather than 
technology development only (Introduction, 2002).  In 2001, an ACTD was proposed and 
funded for the Advanced Tactical Laser (ATL).  The ATL, when operational, is expected 
to focus on military or law enforcement operations in urban or suburban environments.  
The ATL’s HEL is projected to deliver a non-lethal or lethal force up to 15 kilometers 
away (Descriptions, 2002).  Now underway at Boeing, with the assistance of Air Force 
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Research Laboratory (AFRL), the ATL is expected to be fully operational in the near 
future.  Some speculated that it may be ready as soon as 2010 (Popular Science, 2005), 
but this is only a rough estimate.  Some think that the ATL will be able to generate 100 to 
300 kilowatts of optical power (Global Security, 2005) with a range of 20 kilometers and 
a diameter of up to 4 feet (Popular Science, 2005), but currently this is only a future 
vision.    
 The Missile Defense Agency (MDA) is developing a Ballistic Missile Defense 
System (BMDS) with the goal to “provide multiple engagement opportunities along the 
entire flight path of a ballistic missile” (MDA Link, 2005).  The Airborne Laser (ABL) is 
one of the MDA’s highest priority programs.  The mission of the MDA is to “Develop 
and field an integrated BMDS capable of providing a layered defense for the homeland, 
deployed forces, friends, and allies against ballistic missiles of all ranges in all phases of 
flight” (MDA Link, 2005).  With this mission in mind, the MDA has been working 
diligently on the ABL.  The ABL, also known as the YAL-1A, is a high-energy laser 
weapon system designed to destroy ballistic missiles.  It is carried on a modified Boeing 
747-400F freighter aircraft.  AFRL, Team ABL, Boeing, Northrop Grumman, and 
Lockheed Martin are developing the ABL (Air Force Technology, 2005).  The ABL 
consists of three lasers: the Chemical Oxygen Iodine Laser (COIL), the Track-
Illuminating Laser (TILL), and the Beacon Illuminating Laser (BILL).  The megawatt 
class COIL, which is the primary beam used for destroying the missiles, initiates in the 
back of the fuselage and goes all the way to the front, where it is aimed onto the target 
with a mirror.  The low power TILL is used to determine the target's range and gives 
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initial information on the atmosphere. The illuminating laser tracks the target and 
provides aiming data for the primary beam. The kilowatt class BILL reflects light off the 
target to give data on the fast changing characteristics of the atmosphere along the path of 
the laser beam. The ABL is the first of its kind and is expected to be completed in 2006 
(Air Force Technology, 2005). 
Atmosphere 
The atmosphere has many different effects on all lasers including HELs. The 
atmosphere of the Earth is divided into different layers. Those layers from highest to 
lowest are the thermosphere, mesosphere, stratosphere, and troposphere, respectively.  
This research concentrates on the stratosphere and the troposphere because 99% of the 
atmosphere’s mass is contained in these two layers.  Petty (2004) states that the 
atmosphere contains 78.1% Nitrogen (N2), 20.9% Oxygen (O2), and the other 1% is made 
up of Argon (Ar), Carbon Dioxide (CO2), Methane (CH4), Nitrous Oxide (N2O), Carbon 
Monoxide (CO), Ozone (O3), and other trace gasses (Petty, 2004:170).  Water vapor 
(H2O) varies greatly (0-2%) depending on time of day, altitude, and location (Petty: pg 
2004).   Some of these gasses affect laser beams and others do not.  Air pressure 
decreases as the altitude increases; for that reason, there are more gas molecules in the 
low Earth atmosphere.  The logarithmic decrease of air pressure and density with altitude 
is a condition that results in laser beams being more affected closer to the ground. 
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Absorption 
 The electromagnetic spectrum includes wavelengths that range from 0.01 microns 
to more than one millimeter (Petty, 2004: pg 55).  The wavelengths that are covered in 
this research are: 0.4 microns, 0.55 microns, 0.68 microns, 1.0623 microns, 1.31525 
microns, 1.624 microns, 3.8 microns, and 10.6 microns (Bartell, 2004: sect 2.3; Petty, 
2004: pg 55).  Figure 1 illustrates the amount of absorption that takes place from the 
different gases in the atmosphere.  Notice that the gases have different transmissions 
depending on the wavelength of electromagnetic beam.  Absorption occurs when a 
particle of light goes into a medium and is not transmitted or reflected.  This usually 
causes the medium, whether it is an atom or molecule, to increase in temperature.  
Absorption decreases peak intensity and helps to induce thermal blooming in HEL beams 
(LSW Short Coarse, 2005:sect. 6). 
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Figure 1: Absorption of gases 
Thermal blooming 
 
According to the Photonics Directory, thermal blooming is the effect that 
characterizes an intense laser beam that is passed through an absorbing medium, causing 
the absorbed energy to produce density changes in the absorbing medium that can alter 
the intensity distribution of the beam and shift it away from the intended direction of 
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propagation (Photonics, 2005). In short, thermal blooming is caused by laser heating of 
the atmosphere (LSW Short Coarse, 2005:sect. 6, pg 46). 
Thermal blooming, in general, is negligible at can be ignored in very high 
altitudes (above 11,000 meters) due to low absorption.  The ABL is expected to operate 
primarily at such altitudes. Thermal blooming can also be ignored where there is minimal 
atmosphere, with the Space-Based Laser (SBL) engagement scenarios. Furthermore, 
thermal blooming can be ignored where HEL’s operate away from absorption lines and 
aerosols.  Thermal blooming is important for low altitudes with high absorption such as 
with tactical HEL engagements, and anticipated ATL operations.  (LSW Short Coarse, 
2005:sect. 6, pg 44) 
Scattering 
Extinction of the HEL beam is caused by both absorption and scattering, but 
scattering will be the main focus of this research.  Scattering occurs when a particle of 
light hits a medium and changes direction.  Molecular and aerosol scattering remove 
intensity from the beam.  There are primarily two types of scattering that can take place, 
Rayleigh scattering and Mie scattering.  Rayleigh scattering occurs when the wavelength 
of the beam is smaller than the radius of the particle and Mie scattering occurs when the 
wavelength of the beam is just about equal to or larger than the radius of the particle 
(LSW Short Course, 2005:sect. 6).  Mie scattering takes place when the size parameter is 
between 0.2 and 200, while Rayleigh scattering takes place when the size parameter is 
between 0.002 and 0.2. The size parameter is defined as 
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Equation 1: Size Parameter 
λ
πχ r2≡  
where r is the radius of the particle and λ is the wavelength of the beam.  As the size 
parameter increases the amount of forward scattering increases as well.  This occurs 
whether the particle has spherical shape or not.  
 The scattering phase function angle will be the major factor.  The equation in 
HELEEOS that calculates this value is as follows, 
Equation 2: Scattering phase function in HELEEOS 
i
r
ri
riirnP Δ+= ∑
= 2
)(
44
)( 21
2
2 max
min
π
λ
π
θ
 
where λ is the wavelength of the beam, n(r) is the particle size distribution, i1 = S1 S1',  i2 
= S2 S2', and S1 and S2 are dimensionless intensity or amplitude functions.  This 
determines the angle at which photos are scattered in. The scattering phase function is 
used to calculate how much laser energy is scattered in any off-axis direction.  Here, the 
single scatter of a photon is being calculated.  The only way that a particle will be 
scattered once is if the medium that it is traveling through is very thin or if the single 
scatter albedo is closer to zero.  This would give the photon a chance to be absorbed 
before it is scattered a second time.  Multiple scattering is when a photon is scattered 
more than once and calculating this is much more difficult.  Photons can be scattered 
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hundreds of times in all directions, causing some photons to scatter back into the original 
axis of the laser beam.  The current research does not take into account multiple 
scattering because the atmosphere being studied has an asymmetry parameter close to 
one.  Adding scattering and absorption together gives a total, which is called extinction.  
Extinction is the amount of a laser beam energy that does not reach its intended target 
along the original axis.  Transmission is the amount of a laser beam reaching its intended 
destination along the original axis.  Extinction is not the only degrades effect of the 
atmosphere on HEL beams – optical turbulence is an example of another. 
Optical Turbulence 
Optical turbulence causes distortion of a laser beam; it is similar to irregular or 
random motions in a fluid.  Some sources of this turbulence are convection from hot 
surfaces, wind shear, weather systems, and laser heating (thermal blooming).  Optical 
turbulence also causes variations in air temperature and composition as well as changes 
in index of refraction (LSW Short Coarse, 2005:sect. 6, pg 21).  As altitude increases, 
optical turbulence decreases.  Therefore at extremely high altitudes (above the 
stratosphere) it becomes negligible. 
HELEEOS 
 The High Energy Laser End-to-End Operational Simulation (HELEEOS) is a 
Matlab based software program that simulates lasers from platform to target.  AFIT’s 
Center for Directed Energy developed HELEEOS.  HELEEOS incorporates all 
atmospheric degradation effects, including previously covered thermal blooming, 
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molecular and aerosol absorption, scattering extinction, and optical turbulence.  
Atmospheric parameters that are covered include profiles of temperature, pressure, water 
vapor content, and optical turbulence.  HELEEOS can simulate static as well as dynamic 
engagements (Bartell, 2004).  HELEEOS has the ability to simulate lasers with many 
different wavelengths ranging from 0.355 microns to 10.6 microns.  HELEEOS also uses 
Extreme and Percentile Environmental Reference Tables (ExPERT) and Directed Energy 
Environmental Simulation Tool (DEEST) to aid in realistic atmospheric laser simulation.  
ExPERT is a database with different atmospheric characteristics for eight different land 
regions overlaid by five upper air regions, all with nine water vapor percentile cases for 
summer and winter.  DEEST allows use of Cn2 vertical profiles predicted from numerical 
weather forecasting data (MM5 or WRF).  HELEEOS also allows the probability of kill 
to be estimated.  The probability of kill is not necessarily just destroying a target.  It 
depends on the initial goal of the laser beam being radiated.  
 Irradiance (exitance at laser aperture) of the laser has the units of W m-2 and 
intensity at the off-axis point has the units of W m-2Sr-1.  Irradiance in this research is 
defined as the time averaged radiant flux density in all directions.  Intensity is when the 
flow of energy (light) is nonparallel and when the detector collects the energy confined to 
a range of directions specified by a small element of solid angle. 
The above information covers previous work that has been performed allowing a 
good starting point for this research.  Scattering is the focal point of this thesis, but other 
atmospheric effects are included to fully accomplish the goals of this research. 
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III. Methodology 
Chapter Overview 
The study of off-axis HEL scattering is currently a very important concept. Total 
extinction consists of absorption and scattering.  Absorption is important but not as 
important as scattering in this case absorption’s attenuating effects are mainly confined to 
the HEL beam.  On the other hand, as intensity is increased the amount of energy 
scattered off-axis is increased.  This research considers two specific scenarios with 
respect to off-axis scattering.  The first is the safety of the pilots who are flying any 
aircraft that propagates a HEL.  Extended and repeated exposures to these beams can be 
harmful for the eyes as well as the skin.  The second scenario is a HEL aircraft on a 
sensitive mission which needs to covertly strike a target.  For instance, say there is a 
target in a populated area.  Friendly forces may desire this target be hit, but may not want 
the surrounding population affected – an ideal scenario for an airborne HEL, if such a 
weapon is available.  Off-axis scattering from the HEL beam may give the unfriendlies 
enough insight to realize what is taking place, assuming they have receivers set up to 
sense this scattered energy.  
Definitions and Equations 
The direction of any laser beam that is being analyzed is a vector defined as Ωˆ  
and the direction of a specific photon coming off of that beam will be a vector defined 
as ˆ ′Ω .  The phase function will be defined as ( )ˆ ˆ,p ′Ω Ω  and since multiplying Ωˆ  and 
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ˆ ′Ω is equal to cos Θ, the phase function will be referred to as ( )cosp Θ , with Θ being the 
angle between Ωˆ  and ˆ ′Ω . The asymmetry parameter g is the average value of cos Θ for a 
large number of scattered photons and it can be calculated by the following integral 
(Petty, 2004). 
Equation 3: Asymmetry parameter 
4
1 (cos )cos
4
g p d
π
ωπ≡ Θ Θ∫  
Values of g range from -1 to 1, with 1 being photons that are scattered straight forward as 
if they were not scattered at all, and -1 being photons that are scattered backwards the 
same way that they came.  A value of zero means equal forward and backward scattering. 
The major goal of this investigation is to measure the amount of scattered 
intensity that is reaching the off-axis observing point.  Following Stephens (1994), the 
equation, 
Equation 4: Intensity scattering as a function of amplitude scattering 
2
2 2
( ) o
SCA
S I
I
k R
Θ=  
relates amplitude function S(Θ) (described as a scattering pattern) and initial beam 
intensity oI  to scattered off-axis intensity.  The next equation, 
  17
Equation 5: Phase function with amplitude function 
2
2
( )1 ( )
4 SCA
S
P
k Cπ
ΘΘ =  
relates the scattering phase function ( )P Θ  to amplitude function (Stephens, 1994).  
Combining these two equations gives the equation,  
Equation 6: Intensity as a function of scattering phase function 
2
( )
4
SCA O
SCA
P C II
Rπ
Θ=  
where SCAC  is the scattering cross section (dimensions of area) of the scattering particle, 
OI  is the initial incident intensity of the scattering particle, and R  is the distance 
between the receiver and the beam.  Typically scattering cross section has the units of m2,  
scattered intensity has the units of Wm-2Sr-1, R has the units of m, and the phase function 
is dimensionless.  This equation allows the scattered intensity to be calculated from the 
phase angle, which is an output of the Wiscombe (1980) Mie scattering module within 
HELEEOS.  Unfortunately, Equation 6 only yields the scattered intensity due to one 
particle at the off-axis point.  Therefore the scattering particle number density N (per unit 
volume) is needed to account for the scattered intensity due to a distribution of particles.  
Since the scattering cross section is equal to the volume scattering coefficient divided by 
the number density, multiplying by the number density N would cause the number 
densities on top and bottom to cancel out leaving just the volume scattering 
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coefficient SCAβ  (units of inverse length).  The scattering cross-section is related to SCAβ  
via: 
Equation 7: Scattering cross-section 
SCA
SCAC N
β=  
Combining Equations 6 and 7 yields the scattered intensity as a function of scattering 
angle and volume scattering coefficient 
Equation 8: Scattered intensity from a volume 
2
( )
4
SCA O
SCA
P II dv
R
β
π
Θ=  
where dv is the scattering volume. 
Currently, the way HELEEOS analyzes laser beams is by splitting the beam up 
into 1,000 different segments. This research analyzes laser beams by splitting the beam 
up into 100 different segments, to reduce the computational expense.  The intensity being 
scattered onto the off-axis receiver of each one of these segments is calculated separately 
and then added to give the total scattered intensity.  Ultimately, the equation of scattered 
intensity becomes, 
Equation 9: Scattered intensity from 100 beam volume segments (no off-axis extinction) 
100
2
1
( )
4
i SCAi Oi
SCA i
i i
P II dv
R
β
π=
Θ=∑   
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Each one of the segments being analyzed has a different phase angle iP )(Θ .  A 
few calculations are necessary to compute these angles.  Referring to Figure 2 below, the 
equation of Line B is found from the platform to the target using the equation of a line.  
Next, the distance from the point where the off-axis receiver is to line B is found (labeled 
as distance R).  The equation of this line must also be found, which is represented as line 
A in the figure.  Line A is orthogonal to Line B, so the dot product of these two lines is 
equal to zero.  The point where Line A and Line B intersect is calculated and this is 
called point P1.  The distance from point P1 to the platform is represented as D1 and the 
distance from point P1 to the target is represented as D2. The phase angle for each of the 
segments of the beam that are between point P1 and the platform is calculated using 
Equation 10.   
Equation 10: Phase angle less than 90 degrees 
arctan
1
PR
D
⎛ ⎞Θ = ⎜ ⎟⎝ ⎠  
The phase angle for each of the segments of the beam that are between point P1 and the 
target is calculated using Equation 11.   
Equation 11: Phase angle greater than 90 degrees 
180 arctan
2
PR
D
⎛ ⎞Θ = − ⎜ ⎟⎝ ⎠  
Each segment has a different value for D1 or D2.  D1 or D2 is calculated by adding the 
length of a specific number of segments together. 
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Figure 2: Tangent Angles 
 
 The phase function ( )P Θ  uses the phase angle Θ to determine a value.  
HELEEOS generates phase function values for every even phase angle from 0 to 180.  If 
the phase function of a phase angle needs to be calculated that is between these two even 
phase angles linear interpolation is performed.  The equation of a line connecting the two 
closest points will be calculated.  For example, if the phase function of 43.23 degrees 
needs to be found, HELEEOS outputs the following information:   
Phase Angle Θ  Phase Function ( )P Θ  
42 0.059 
44 0.053 
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The slope and end points of this line segment are plugged into the equation of a line. 
Next, the phase angle 43.2 degrees is plugged into this equation to find the corresponding 
phase function value.   
The initial incident intensity 1OI  for the first segment (closest to the laser aperture) 
is the intensity coming out of the laser (which is assumed to equal the exitance within the 
beam).  The initial incident intensity 2OI  for the second segment is the initial incident 
intensity of the laser minus the extinction from the first segment.  The initial incident 
intensity 3OI  for the third segment is the initial incident intensity of the laser minus the 
extinction from the first and second segment (etc….).  The following equation,  
Equation 12: Pythagorean theorem 
2 2 2R x y z= + +  
is used calculate the distance iR , which is the distance of the off-axis receiver to each 
segment of the beam. 
The value idv  is the volume of the segment being considered and it is equal to the 
volume of the cylinder of the beam represented by that segment.  The resultant equation, 
is 
Equation 13: Cylindrical Volume 
2
2
ddv hπ ⎛ ⎞= ⎜ ⎟⎝ ⎠  
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 where d is the diameter of the beam and h is the length of that segment.  When looking at 
the entire laser beam, the diameter of the beam changes.  In other words, the beam has a 
specific diameter when it leaves the aperture and it focuses down to a very small 
diameter.  The beam focuses down to a minimum size, which is called diffraction-limited 
diameter (D) and is calculated in HELEEOS by the following equation,  
Equation 14: Diffraction- limited diameter 
2.44 WavelengthD SlantRange
ApertureDiameter
⎛ ⎞= × ×⎜ ⎟⎝ ⎠  
where SlantRange is the distance traveled of the laser beam.  
One last factor must be taken into consideration when calculating the scattered 
intensity at an off-axis point.  Equation 9 does not include off-axis extinction.  The final 
addition to this equation is the transmittance from each of the scattering beam segments 
to the off-axis observer.  HELEEOS can be configured to calculate each of these off-axis 
transmittances.   The way that HELEEOS computes any transmittance is by simulating a 
laser beam from a platform to a target and calculating the amount of irradiance reaching 
the target.  The current control-script for this research uses HELEEOS to calculate the 
transmittance by simulating a laser beam from the segment being analyzed to the off-axis 
point. Each segment of the beam that is being analyzed is a different distance away from 
the observer and has a different transmittance value.  This is because atmospheric 
transmittance decreases with altitude, and each segment can be at a different altitude.   
The scattered, off-axis intensity is then multiplied by the transmittance value that 
HELEEOS generates.  The end equation is 
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Equation 15: Scattered intensity from 100 beam volume segments (with off-axis extinction) 
100
2
1
( )
4
i SCAi Oi i
SCA i
i i
P I tI dv
R
β
π=
Θ=∑  
where t is transmittance.  The transmittance equation is, 
Equation 16: Transmittance 
2
1
1 2( , )
S
ext
S ext
dx
Rt s s e e
β
β
−
− ⋅∫≡ ≈  
where S1 is the beginning of the optical path and S2 is the end of the optical path being 
calculated and extβ considers both absorption and scattering of the scattered off-axis 
intensity. 
Ocular Hazard 
When determining the amount of irradiance entering the eye from a laser beam, a 
certain amount of information must be known about the eye.  The diameter of the pupil 
must be known in order to find the area that the rays are passing through.  Also, the field 
of view must be known to find the solid angle that a human eye can see.  For one eye, the 
maximum field of view horizontally is approximately –59 degrees to 110 degrees, and 
vertically from –70 degrees 56 degrees (looking straight forward is zero degrees 
horizontally and vertically).  These angles are limited by the nose (horizontally) and by 
the eyelids (vertically).  The opposite eye has a maximum field of view that is the same, 
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but symmetrically reversed.  Together the human eyes can see≈4/3π  (4.1887) 
steradians, which is 1/3rd of a total sphere.  After 20-30 minutes of darkness the 
sensitivity of an eye can increase by as much as 250 times (6 magnitudes) due to a 
chemical effect that takes place in the retina of the eye.  During the day the eye is most 
sensitive to green light, and at night there is a slight shift in this sensitivity to a shorter 
wavelength (closer to blue light).  Below, Figure 3 displays the amount of sensitivity the 
eye has for different wavelengths of visible light during daylight hours. 
 
Figure 3: Eye Sensitivity (WP_eyecolorsensitivity, 2004) 
The book “American National Standard for the Safe Use of Lasers” (ANSI 
Z136.1) is used as a reference to determine the amount of scattered intensity that is 
dangerous to the human eye.  There is a value called the Maximum Permissible Exposure 
(MPE) that indicates if the amount of irradiance reaching the eye is potentially harmful.  
The International Commission on Non-Ionizing Radiation Protection (ICNIRP) sets the 
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MPE values.  It is very important to know that the MPEs are not perfect.  These values 
that distinguish “dangerous” and “safe” are derived from animal experiments and a 
limited number of human exposures. The tables that display theses MPE values can be 
found in Appendix B.  If any further referencing is desired please refer to ANSI Z136.1, 
2000. 
Table 1 below, shows how the human eye is affected by different wavelengths of 
electromagnetic energy. The table displays the effect of wavelengths ranging from Short 
Ultraviolet up to Far Infrared.  The cornea, which is the outer layer of the eye, absorbs the 
wavelengths of .1 micrometers-0.315 micrometers and 1.4 micrometers-1,000 
micrometers.  The primary lens absorbs wavelengths of 0.315 micrometers-.400 
micrometers, which underlies the cornea.  The retina absorbs wavelengths of 0.4 
micrometers-1.4 micrometers.  The wavelengths of 0.4 micrometers-.7 micrometers 
correspond to visible light.  This means that the portion ranging from. 7 micrometers to 
1.4 micrometers could be the most harmful since this is invisible (or only barely visible) 
and reaches the retina.  Combining this with the dilation of the pupil at night, these 
wavelengths could be even more harmful.  Note that wavelengths larger than 1.4 
micrometers are equally as harmful for the skin as well as the eye according to the MPE 
charts in Appendix B.  Reviewing Table 1 shows that the wavelengths less than 1.4 
micrometers penetrate the eye down to the retina, whereas the retina absorbs the 
wavelengths greater than this. 
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Table 1: Summary of specific biological effects on the eye (Mallow, 1978) 
 
 
Summary 
This chapter outlined the equations used in this study to calculate the intensity of 
off-axis HEL beam scatter.  These equations have been written in Matlab scripts and 
excel spreadsheets that feed HELEEOS.  The excel spreadsheets allow the user to input 
wavelength, atmospheric conditions, and various geometries.  Eventually these scripts 
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and spreadsheets will be incorporated into a Graphical User Interface (GUI) to run in 
conjunction with the current HELEEOS GUIs, and be released in a later version. 
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IV. Analysis and Results 
Chapter Overview 
This chapter examines in detail the results of the propagation simulation outlined 
in chapter 3.  The outputs of these simulations include scattering and absorption 
comparisons, scattering phase function results, as well as different intensity values at 
different off-axis points in laser engagements.  The values at the off-axis points are varied 
by varying the geometry altitude, the observer position with respect to the laser beam, as 
well as the atmosphere type.  The cases of rain, clouds and fog are also analyzed. 
Obviously, every scenario or combination of atmospheres and laser wavelengths are not 
considered due to the time constraints of this thesis research project.  The scenarios 
executed were strategically chosen with the thought of real laser engagements that are 
presently possible.  Some of the chosen scenarios are extreme cases, which are included 
for testing purposes to better understand specific effects.  
Results of Simulation Scenarios 
As stated previously, when altitude increases, extinction decreases.  Below in 
Table 2 is the atmospheric parameters table that illustrates this behavior by displaying 
multiple variables at different altitudes.   
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Table 2: Atmospheric parameters table of a desert atmosphere with desert aerosols 
  
 
 
Threat type: File 
Threat name: Twain Tech 
Threat severity: Critical 
Recommended action: Delete
Threat location: 
C:\WINDOWS\smdat32a.sys
 
  
  File   Twain Tech Critical Delete Found 
 
 
Threat type: File 
Threat name: Twain Tech 
Threat severity: Critical 
Recommended action: Delete
Threat location: 
C:\WINDOWS\smdat32m.sys  
The table is one of the optional outputs that HELEEOS can provide.  It comes from a 
laser engagement simulation with a wavelength of 1.31525μm, chosen because that is the 
wavelength of the COIL on the ABL.  The atmosphere type is a desert summer 
atmosphere with desert aerosols.  This atmosphere is chosen due to recent conflicts in the 
Middle East, which is comprised primarily of a desert environment.  Also, the desert 
atmosphere yields a very high amount of off-axis intensity compared to other atmosphere 
types.  In this scenario the platform is at an altitude of 3,000 meters and the laser is being 
shot straight down to the target, which is directly below the platform at an altitude of 
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zero.  Currently HELEEOS splits the laser beam up into 1,000 segments and outputs 
different values at each of these segment points.  The table has been formatted to fit in the 
page so it is only displaying 16 of those 1,000 segments.   
A review of Table 2 validates that extinction decreases as altitude increases.  
Looking even closer at scattering and absorption, it shows that neither value stays the 
same as altitude changes.  This would mean that the best scenario for an adversary to pick 
up information from off-axis propagation would be a very low, horizontal laser 
engagement with a receiver above the laser at a higher altitude.  The scenario would have 
the laser propagating through an atmosphere that has strong scattering patterns, and the 
scattered rays traveling toward the receiver would be experiencing a lower extinction 
giving the receiver a relatively high amount of unattenuated scattered intensity.  
Additionally the scenario in Table 2 shows that aerosols scatter more than absorb, and 
molecules absorb more than scatter.  It should be noted that aerosols and molecule scatter 
energy differently based on scatterer size and wavelength.  There are also different 
number densities for aerosols and molecules.  The amount of scattering for aerosols in 
this case (λ=1.315μm) is orders of magnitude above the amount of scattering for 
molecules.  In fact, the scattering from the molecules is so small in this case it could be 
ignored.   
Figure 4 below is a graph of total (aerosol plus molecular) absorption, total 
scattering, and cumulative extinction for the Table 2 scenario.   
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Figure 4: Absorption, scattering, and extinction of a desert atmosphere with desert aerosols 
It is also a standard HELEEOS output plot.  In Figure 4 the top line (green) is the total 
extinction, the second line (navy blue) is molecular absorption, the third line (teal) is 
aerosol scattering, the fourth line (red) is aerosol absorption, and the lowest line (light 
green) is molecular scattering.  Since the total extinction is the sum of all of the other 
curves, it has the highest value.  In this atmosphere, aerosol scattering is the strongest 
extinction factor followed by molecular absorption and aerosol absorption.  The weakest 
extinction factor is molecular scattering, which is very close to zero. 
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Scattering Phase Function 
The scattering phase function illustrates the direction that photons are scattered 
after coming in contact with aerosols or molecules.  Figure 5 illustrates the scattering 
phase function vs. scattering phase angle for a 1.31525 micrometers laser in the desert 
scenario of Table 2. 
 
Figure 5: Scattering phase function of a desert atmosphere with desert aerosols  
This is another example of a standard HELEEOS output plot.  By default HELEEOS 
graphs the scattering phase function curves at the beginning of the beam, the midpoint, 
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and the end of the beam but can be changed to graph any three points along the beam.  
The vertical coordinate represents the scattering phase function value and the horizontal 
coordinate represents the phase angle.  The phase angle is computed in radians but it is 
graphed in degrees.  The scattering phase function as plotted has no units.  The phase 
angle only goes up to 180 degrees because for Mie scattering it is symmetric in three 
dimensions.  Phase function values vary greatly depending on the wavelength of the laser 
beam and the size distribution of the scatterers in the atmosphere in which the beam is 
propagating. Generally, the scattering phase function exhibits very strong forward 
scattering with some backscatter and relatively little side scatter. 
There are four graphs below in Figure 6, which represent the different locations of 
Wright-Patterson Air Force Base, Caracas, Thule Air Base, and Kuwait, respectively.  
The individual site data used in Figure 6 are obtained from the ExPERT database in 
HELEEOS.  They are all 50th percentile (average humidity), summer conditions.  Each 
graph location displays wavelengths of 0.4 micrometers, 1.31525 micrometers, 3.8 
micrometers, and 10.6 micrometers at an altitude of 3,000 meters.  These graphs display 
strictly the scattering phase function, which is an illustration of the direction that photons 
are scattered after coming in contact with aerosols or molecules.  Each graph behaves 
differently because there are different types of aerosols at these different locations.  
Caracas has the highest amount of side scattering, Kuwait has the smallest amount of side 
scattering, and the scattering patterns of Wright-Patterson AFB and Thule AB are very 
similar.  Side scattering corresponds to the scattering at about 120 degrees, forward  
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Figure 6: Scattering phase function conducted at Wright-Patterson Air Force Base, Caracas, Thule 
Air Base, and Kuwait 
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scattering corresponds to scattering less than 30 degrees, and backscattering corresponds 
to scattering greater than 150 degrees.  The 0.4-micrometer beam has the strongest 
forward scattering with fairly high backscattering.  The 10.6-micrometer beam has the 
weakest forward scattering with fairly low backscatter.  It may seem that the smaller 
wavelengths should have forward and backscattering strengths that are close to being 
equal because of Rayleigh scattering, but these graphs are a result of aerosols, not 
molecules.  Aerosols are much larger than molecules, so these graphs are a result of Mie 
scattering from these aerosols.   Each graph behaves differently because there are 
different types of aerosols at these different locations.  HELEEOS also outputs the 
amounts and sizes of these aerosols in its Atmospheric Parameters Table.  These are 
displayed below in Table 3. 
Table 3: Aerosol sizes and amounts for Wright-Patterson Air Force Base, Caracas, Thule Air Base, 
and Kuwait 
 
These aerosol tables relate to the four graphs in Figure 6.  Notice that these aerosols are 
split up by the categories of water soluble, insoluble, mineral, sea salt, and soot.  The 
amounts of each type of aerosol are displayed in parts/cm3 along with the sizes of each 
type of aerosol.  Rmin is the minimum radius size for that type of aerosol, Rad is the modal 
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radius size, and Rmax is the maximum radius size for that type of aerosol.  Each location 
differs significantly in the amount and types of aerosols for that site, as dictated by the 
Global Aerosol Dataset within HELEEOS. 
Intensity and Irradiance 
All of the intensity (or radiance) values in this thesis are in units of Wm-2sr-1.  The 
irradiance coming from the platform (called “exitance” at the laser aperture) is consistent 
throughout.  The variables include the laser geometry setup, the laser wavelength, and the 
atmospheric parameters.  The research analyzes the propagation of a high-energy laser 
that produces 50,000 Watts.  The aperture of this laser has a diameter of 0.5 meters.  
Since exitance has the units of Wm-2 it is given by the following equation, 
Equation 17: Exitance 
2
50,000
0.5
2
WattsEx
metersπ
= ⎛ ⎞⎜ ⎟⎝ ⎠
 
which is equal in this case to 254,647 Wm-2.  The steradian in the intensity measurement 
means that the electromagnetic waves are coming from a specific direction. 
 Scenario 1 
 In the first scenario analyzed, which is shown below in Figure 7, the platform at 
an altitude of 3,000 meters is beaming the 50,000-Watt laser to a target on the ground 
(altitude of 3,000 meters) directly below it.   
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Figure 7: Scenario #1 Plane shooting laser straight down 
In this scenario, the target and background are irrelevant because only scattering from the 
beam is taken into account, scattering and reflection from other sources are ignored.  
There are seven points that are placed at 500 meters north of the platform.  It is assumed 
that the laser beam is always being shot north (azimuth of zero degrees) or the orientation 
of the platform is due north.  Everything is in relation to the location of the platform, so if 
the off-axis observing point were 745 meters north and 484 meters east the azimuth 
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would be 32.9 degrees. These seven points all have the same ground distance of 500 
meters from the platform and they are all at different altitudes.  The first one is at an 
altitude of zero and the last one is at an altitude of 3,000 meters and they are all in 
increments of 500 meters.  There are four different wavelengths that are being tested,  0.4 
micrometers, 1.06 micrometers, 1.31525 micrometers, 3.8 micrometers.  This same 
scenario tested for the locations of Caracas, Thule, and Kuwait, which gives a total of 84 
different off-axis intensity values when combined with the atmospheres and wavelengths.     
 The scattered intensity values in Figure 7 behave as expected.  In general the 
scattered intensity values are about 15 orders of magnitude smaller than the intensity 
values within the HEL beam.  The intensity values at 3,000 meters are smaller than the 
values at zero meters because forward scattering is much greater than backscattering.  
Intensity values peak at different altitudes depending on the wavelength and atmosphere 
combination.  For example, the wavelength of 1.06 micrometers peaks at zero meters in 
Caracas, the wavelength of 1.31525 micrometers peaks at 500 meters in Thule, the 
wavelength of 1.31525 micrometers peaks at 1,000 meters in Kuwait, and the wavelength 
of 0.4μm peaks at 1,500 meters in Kuwait.  These peak intensities at different altitudes 
are a result of various phase functions that can be seen in Figure 6 and of different 
absorption rates that can be seen in Figure 1.   
Scenario 2 
 Below, Figure 8 is a scenario that is similar to the one in Figure 7.   
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Figure 8: Scenario #2 Plane shooting laser straight down 
This above scenario examines the Caracas scenario intensity values to identify the 
extinction effects between the beam and observer.   The four white points on this image 
are at an altitude of 1,500 meters.  They are at 300 meters, 200 meters, 100 meters, and 
one meter away from the beam.  The point that is one meter away from the beam has an 
intensity of 1.4458e-4 Wm-2sr-1.  Comparing this point to the intensity in the beam 
coming from the platform, there is a difference of approximately 9 orders of magnitude.  
The irradiance on target has the same order of magnitude as the exitance leaving the 
platform because the engagement has a transmission of almost 80%.  The intensity values 
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at the observing points in Figure 8 range from 1.6274e-9 Wm-2sr-1 at 500 meters from the 
beam to 1.4458e-4 Wm-2sr-1 at one meter from the beam and do not increase linearly due 
to non-linear extinction.  The closer the observing point is to the beam the more sensitive 
it is to a change in location.  In other words, the intensity value increases faster as it gets 
closer to the beam.  Figure 8 also shows three points that have the same locations as in 
Figure 7.  These points are at the altitudes of zero meters, 1,500 meters and 3,000 meters.  
The Figure 8 intensities at these points differ from the Figure 7 intensities because they 
are displaying intensity coming from three separate sections of the beam rather than from 
100 segments of the beam.  In Figure 8, the intensity values that are coming from the 1st, 
50th, and 100th segment are being displayed separately for each of these points.  The top 
number corresponds to the scattered intensity from the segment that is exiting the laser, 
the middle number corresponds to the segment in the middle of the beam, and the bottom 
number corresponds to the segment that is closest to the target.  These numbers are also 
color coordinated with the segments of the beam they represent.  
 By reviewing the intensity values at 3,000 meters in Figure 8, it is evident that the 
most scattering is coming from the platform segment (the terms platform segment, 
middle segment, and target segment to refer to that corresponding segment of the beam), 
and a very small amount is coming from the target segment.  Looking at the point at 
1,500 meters, it behaves a little differently than expected.  This point receives highest 
intensity value from the middle segment, but it seems as though there would be more 
coming from the platform segment and the target segment.  In reality, there is more 
intensity coming from these segments.  Additional scattering and absorption due to the 
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longer path length to the observing point causes these values to be less than the middle 
segment value.  The same concept is true for the point at zero meters.  In light of the 
forward scattering nature of aerosols, the highest intensity value should be coming from 
the platform segment, but this is the lowest.  The highest scattered intensity value is from 
the target segment because of the shorter path length to the observer.  The distance to the 
target segment is 500 meters and the distance to the platform segment is a little more than 
3,000 meters. 
 Extinction from the beam to the observer and scattering phase functions are the 
reasons that the intensity values behave the way that they do in Figure 9 and Figure 10.  
Scattering phase function graphs are already shown in Figure 6 and Figure 7, so now 
absorption is examined.  Referring back to Figure 1, H2O is the greatest molecular 
absorber.  Therefore, atmospheres with different absolute humidity values have strong 
effects on the off-axis intensity values.  This can be seen well in Figure 7 with the peak 
irradiance values occurring at different altitudes for tropical-humid Caracas, polar-dry 
Thule, and desert-moderate humid Kuwait.   
 Relative humidity, a factor that affects the size distribution of many aerosols and 
therefore modulates extinction due to scattering, is shown for various model atmospheres 
in Figure 9 to give an example of how relative humidity behaves in different 
environments.  Only summer atmospheres are displayed for simplicity.  All the 
atmospheres have been generated with the continental average for aerosols.  The tables 
for these graphs are generated by HELEEOS, and show the various relative humidity 
levels at altitudes ranging from 3,000 meters down to zero meters.   
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Figure 9: Relative Humidity 
 Scenario 3 
 The next scenario that is analyzed, which is shown below in Figure 10, compares 
the behavior of engagements in different altitudes.   
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Figure 10: Scenario #3 Plane shooting laser horizontally 
The scenario on the left occurs entirely at an altitude of 1,000 meters and the scenario on 
the right occurs entirely at an altitude of 10,000 meters.  Both of these engagements have 
the same laser orientation, slant range, and off-axis scattered intensity observing points.  
There are 5 off-axis points all at the same altitude.  The first point is 1,000 meters behind 
and 500 east of the platform.  The next three points are 1,000 meters east of the platform 
and are aligned with the beginning, middle, and end of the laser beam being analyzed. 
The last point is 10,000 meters in front of the platform (1,000 meters beyond the target) 
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and 500 meters east of the platform.  The center off-axis observing point in this scenario 
has the peak intensities because it has the largest field-of-view of the beam.  It receives 
forward scattering from one end of the beam, side scatter from the middle of the beam, 
and backscatter from the other end of the beam.  Since off-axis extinction is relatively 
strong at this low altitude, the side scatter from the middle of the beam is the strongest.  
The observing point with the second strongest scattered intensities is the point just 
beyond the target because forward scattering is strong.  However, the scenario on the 
right (at 10,000 meters), has peak scattered intensities at a different point. Here, it is at 
the point just beyond the target because there is less off-axis extinction at the higher 
altitude due to fewer aerosols.  According to the scattering phase function curve, forward 
scattering is much greater than side scattering causing these points to behave a little bit 
more like they would if there were no off-axis extinction.  The second highest intensity 
point is in the middle of the beam as a result of the smaller amount of extinction that 
exists at this high altitude.  The transmittance values at 1,000 meters range from 19%-
49% and the transmittance value at 10,000 ranges from 82%-97%.   
Scenario 4 
 The scenario, shown I figure 11, is the same scenario as in Figure 10, but with the 
off-axis observing points much closer.   
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Figure 11: Scenario #4 Plane shooting laser horizontally-close 
These points all have the same northing coordinates but now they are all just one meter 
east of the platform.  The intensities in these scenarios are quite different than those in  
Figure 10.  They are behaving the same in terms of forward scattering being larger than 
backscattering.  The difference is at the points aligned with the beam.  Here, the values 
are stronger at the midpoint and the target at the lower altitude, whereas in scenario #3 
they were stronger at the higher altitude.  This is a result of the points being so close to 
the beam that there is not much extinction taking place.  The values at the observing 
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points nearest the target may initially seem incorrect.  There are slightly higher values at 
the 10,000-meter altitude than at the 1,000-meter altitude.  This is primarily due to the 
forward off-axis scattering from the length of the beam being less attenuated in the path 
to the observing point in the 10,000 meter case. 
 Figure 12, below displays intensity values for five different atmosphere types, six 
different geometries, and eight different wavelengths.  Table 4 shows the geometric 
inputs and atmospheric inputs for Figure 12.  
 
Figure 12: Intensity chart  
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Table 4: Reference table for Figure 12 
Case 
Laser 
Altitude 
Target 
Altitude 
Observer 
Altitude 
Laser 
lant Range
Observer 
Azimuth 
Observer 
lant Range Observer Location 
1 1,000 1,000 1,000 9000 2.86 10012.49 500m E 10km N 
2 10,000 10,000 10,000 9000 2.86 10012.49 500m E 10km N 
3 3,000 0 1,500 3,000 90 1581.13 500m E 0m N 
4 5000 0 5005 8602 0 5 0m E 0m N 
5 5000 0 5000 8602 0 7000 0m E 7000m N 
6 5000 0 5000 8602 8.13 7071.06 1km E 7km N 
Atmosphere 
Type 
Aerosol 
Type 
Site 
id Percentile 
Time 
of Day 
Use 
Clouds 
Cloud 
Type 
Cloud 
Upper 
Altitude 
Cloud 
Lower 
Altitude 
6 8 0 5 9 0 1 0 0 
4 2 0 5 9 0 1 0 0 
4 5 0 5 9 0 1 0 0 
5 5 0 5 9 0 1 0 0 
3 9 0 5 9 0 1 0 0 
 The various numbers in Table 4 all represent specific input parameters. The input 
parameters that relate to these various numbers can be found in the atmospheric reference 
table, which is Table 8 located in Appendix A.  Case 1 and 2 both have a laser being shot 
horizontally with a slant range of 9,000.  The observing points in both cases are 500 
meters east and 10,000 meters north (1,000 meters past the target). Case 1 occurs entirely 
at an altitude of 1,000 meters and Case 2 occurs entirely at an altitude of 10,000 meters.  
Case 3 has the platform shooting the laser straight down from an altitude of 3,000 meters.  
The observing point in the case 3 is 500 meters north at an altitude of 1,500 meters (same 
geometric set-up as Figure 4).  Case 4, 5, and 6 are cases where the platform is at an 
altitude of 5,000 meters shooting a target 7,000 meters north (slant range of 8,602 
meters).  Each of these three cases has the observing point in a different location viewing 
the same beam.  Case 4 has a pilot’s view being five meters above the exit location of the 
laser beam.  Case 5 has the observing point directly above the target at the same altitude 
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of the platform.  Finally, Case 6 is the same as Case 5 but the observing point is 1,000 
meters east. 
 By reviewing Figure 12, one can see that altitude plays a large role in the amount 
of scattered intensity observed at different altitudes.  This can be seen in Case 1 and 2 by 
examining the Tropical Summer and Mid-Latitude Summer curves.  At the lower altitude 
Tropical Summer has the strongest scattered intensities, and at the higher altitude Mid-
Latitude Summer has the strongest scattered intensities.  The Polar location has the least 
amount of scattering for all cases.  The strongest scattered intensities are seen in Case 4, 
which is the amount of scattered intensity that reaches the point where the pilot is 
generally located. 
  Figure 15 through Figure 29 have the same geometry set-up as Figure 12.  Due to 
repetitiveness of these figures, they are located in Appendix A.  Each figure has different 
atmospheric parameters that can be found in the tables just below each of these figures.  
Table 8, the Atmospheric Reference Table, is also in Appendix A and is useful in 
interpreting Figure 15 through Figure 29.    
Clouds 
Cloud droplets strongly scatter HEL beams and at the same wavelengths, can be 
significant absorbers as well.  Generally the scattering effects are several orders of 
magnitude greater than the absorption effects.  Figure 13 shows the scattering phase 
function for a 1.31525 micrometer laser in a desert scenario with desert aerosols.  The 
lower three curves show the scattering phase function for a cumulus continental clean 
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cloud at the given wavelength.  The top three curves show the cloud free, scattering phase 
function (aerosols only).   
 
Figure 13: Scattering phase function for cumulus clouds at 1.31525 micrometers 
Note that the minimum amount of side scattering is at a different phase angle for the 
clouds and aerosols.  The minimum amount of side scattering for the cloud is roughly 105 
degrees, and the minimum amount of side scattering for the aerosols is roughly 130 
degrees. The curve displayed for the cloud is a bit more complex, with more fluctuations 
than just the aerosols alone.   
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 Figure 15 and Figure 16 (Appendix A) compare the behavior of a laser beam 
propagating through different types of clouds.  Figure 15 has stratus clouds set up from 
1,600 meters down to 999 meters and Figure 16 has cumulus continental clean clouds set 
up from 1,600 meters down to 999 meters.  The reason 999 meters was chosen for the 
lower cloud altitude is to ensure the entire laser path is within the modeled cloud.  Table 
7, also located in Appendix A, shows the geometric set-up for Figure 15 through Figure 
29.   The off-axis observing point for Case 1, 2, and 3 are actually located in the cloud 
and the others are not.  For the most part, cumulus clouds and stratus cloud behave very 
similarly.  Comparing Figure 15 and Figure 16, it can be seen that there are only two 
cases where these clouds behave differently.  Case 3 has more off-axis intensity at 10.6 
micrometers for the cumulus cloud and exhibits slight differences in the wavelengths of 
Case 4.  The larger cumulus droplet size distribution causes more off-axis scattering at 
10.6 micrometers.  Note that in Case 3 the observer point is to the side of the laser beam 
and in Case 4 the observer point is behind the laser beam. 
Clouds vs. Fog 
 Fog is a cloud in contact with the ground.  It is modeled like clouds but with a 
lower number density and different droplet size distribution.  Figure 17 is a fog scenario 
similar to the cloud scenario.  The fog exists between the altitudes of 999 meters and 
1,600 meters, so in this case fog is treated like a different type of cloud.  It can be seen 
that the fog in Figure 17 has higher off-axis intensity values for Cases 1 and 3 and lower 
intensity values for all of the other cases.  The primary reason for this is Cases 1 and 3 
have geometries that allow the lower number density of fog droplets to attenuate the off-
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axis intensity less. In Case 2 at a higher altitude, the behavior is similar except scattered 
intensity values for clouds are slightly higher.  Fog allows significantly more 
transmittance than a cloud.  Clouds have very high scattering characteristics, with little or 
no transmittances over paths greater than one kilometer . 
    Fog vs. Rain 
 Figure 18 is a fog scenario again, but this time it has been run for comparison 
with rain.  Here, it runs from an altitude of 10,001 meters down to the ground.  The 
reason why the altitude of 10,001 meters was chosen was to ensure that Case 2 was in 
fog.  Figure 19 through Figure 23 analyze rain from 10,001 meters down to the ground in 
the same manner.  By looking at Figure 18 and comparing Case 1 and 2, one can see that 
at a very high altitude all geographic locations behave very similarly.  Nevertheless, at 
lower altitudes there tends to be more of a difference in behavior due to the larger amount 
of scatterers (rain drops, droplets, aerosols, and molecules) at these lower altitudes.  Case 
4 shows that the amount of backscatter behaves the same for all locations.  Each case has 
the tendency to decrease as the wavelength increases for rain, but for fog each case has 
the tendency to increase.  On the other hand, at 10.6 micrometers the scattered intensity 
goes to zero in both cases.  This is caused by the increased amount of absorption by 
liquid H2O at this wavelength.  Looking at Case 1, it can be seen that fog has almost no 
forward scattering at low altitudes.  Comparing this to rain, there is a big difference. Rain 
also has a low amount of forward scatter but it is much stronger than the forward scatter 
for fog. Case 4 shows that the backscatter for fog is higher than the backscatter for 
extreme rain.  Rain is similar to fog in the aspect that forward scattering behaves 
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differently at lower altitudes and similarly at higher altitudes.  Also, backscatter behaves 
similarly for all locations.  
Rain 
 
The scattering phase function for rain can be seen below in Figure 14. 
 
Figure 14: Scattering phase function for rain 
The rain scattering function behaves in some ways like that for cumulus clouds.  Like 
clouds, rain has minimum side scatter at a phase angle of about 105 degrees.  Also, like 
clouds, rain has a peak in scattering phase function at about 140 degrees.  Major 
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differences include the strength of the forward scatter peak for rain and the sharp rainbow 
feature at 137 degrees.  With the exception of the forward scatter peak, the scattering 
phase function for rain can be predicted with geometric optics (ray tracing). 
Very light rain corresponds to a rain rate of 2 mm/hr, light rain corresponds to a 
rain rate of 5 mm/hr, moderate rain corresponds to a rain rate of 12.5 mm/hr, heavy rain 
corresponds to a rain rate of 25 mm/hr, and extreme rain corresponds to a rain rate of 75 
mm/hr.  As the rain rate increases from light to extreme, scattered intensity values 
decrease for Cases 1, 2, 5, and 6.  This is logical because these cases correspond to phase 
angles less than 90 degrees.  In other words, they correspond to forward scattering from a 
distance.  The distance causes the intensity values to attenuate as the rain rate increases.  
There is one case that has behavior that initially may seem odd.  Case 3, for the most part, 
decreases as the rain rate increases but its peak value is not seen in the very light rain 
case.  The peak value for this point is found in the light rain case.  The reason for this is 
because the light rain case is the optimal point for this scenario.  As the rain rate increases 
the amount of scattering from the laser beam increases causing more scattering in that 
specific direction.  As this happens, the extinction increases between the beam and the 
off-axis point as well.  Light rain has the perfect combination of scattering and extinction 
to allow the maximum amount of irradiance through to this point.  Of course, if the point 
were moved closer, further away, or if the slant range of the beam was changed, the 
optimal amount of rainfall would be different as well.  The optimal amount of rainfall 
could just as well be no rainfall at all.  Case 4 shows that as the rain rate increases, the 
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amount of backscatter increases and as a result it always behaves the same for all 
locations. 
Ocular Hazard Calculation 
All off-axis intensity values in this entire thesis are in the units of Wm-2sr-1.  The 
previous chapter states that the human eye can see 4/3π  (4.1887) steradians and the 
diameter of a pupil can range from 1.5 mm and to 8 mm.  Some of the MPE values in 
Appendix B are in Wcm-2, but the majority of them are in Jcm-2.  The intensity values in 
this research must be converted from Wm-2sr-1 to Jcm-2.  First, the intensity values must 
be multiplied by 4.1887 steradians to remove the sr-1. Next, meters are converted to 
centimeters.  Now the values can be compared to the Wcm-2 MPEs in the table or they 
can be converted to joules.  Since Watts are equal to joules per second, the dwell time of 
the engagement must be known.  If for example if the dwell time is 10 seconds the 
intensity value would be multiplied by 10s. This would remove the seconds, changing the 
Watts to joules.   
Below, Table 5 is calculated from the MPE equations in Table 24, and the proper 
correction factors in Table 27.  The time used for the calculation of the MPE values as 
well as the maximum intensity values is 10 seconds.  The maximum intensity values used 
are the largest backscatter values found in this research and they come from the cumulus 
cloud scenario, which is shown in Figure 16, Case 4.  Note that Case 4 in Figure 15 
through Figure 29 correspond to the pilot scenario with the observer just about the laser 
exit location.   
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Table 5: MPEs for ten seconds 
Wavelength MPE 
(J/cm2) 
Max Irradiance Value (J/cm2)  
0.4 micrometers 1 1.5079e-1 Less 
0.55 micrometers 1.0122e-2 1.2566e-1 More 
0.68 micrometers 1.0122e-2 1.1728e-1 More 
1.0623 micrometers 5.0611e-2 1.1309e-1 More 
1.31525 micrometers 4.0488e-1 1.2566e-1 Less 
1.624 micrometers 1 1.5498e-1 Less 
3.8 micrometers 9.9583e1 7.5396e-2 Less 
10.6 micrometers 9.9583e1 0 Less 
 
Notice that there are three wavelengths that are larger than the recommended MPE 
values.  Further note that the dwell time of this engagement is 10 seconds.  The average 
dwell time for engagements is 4 seconds, so this is a worst-case scenario.  The limiting 
aperture of the eye is not needed because it is calculated into the equations of the MPE 
values.  It should also be expressed that the SSL and the COIL are at wavelengths in the 
non-visible range, but still reach the retina of the eye.  Consequently, these lasers can be 
most harmful at night since the pupil is more likely to be fully dilated during this time. 
Relative Humidity 
 
 These eight wavelengths, six geometries, and six locations were also run 
with three different relative humidity values.  These three values consist of the 1st (driest), 
  56
50th, and 99th (wettest) percentiles and can be seen in Figure 24 through Figure 26 in 
Appendix A.  Throughout all geometries in the 1st percentile, Thule and Wright-Patterson 
AFB have the lowest intensity values.  In Case 2 through Case 6, Cairo has the highest 
intensity values.  In Case 1, Beijing has the highest intensity value.  In Case 1, the 
intensity values for Beijing decrease as relative humidity increases.  This leaves Caracas 
and Thule with the largest amounts of off-axis intensity.  This is odd because all of the 
other geometry set-ups show Caracas and Thule as having very low intensity values.   
Time of Day 
  
The previous scenarios are also run for different times of day.  These are shown in 
Figure 27 through Figure 29.  Figure 27 represents 0000-0300, Figure 28 represents 
0600-0900, and Figure 29 represents 1200-1500.  These three figures have small changes; 
hence it is hard to see the variations between the graphs.  The cause of these small 
changes is due to the varying height of the boundary layer during the different times of 
day. 
Laser Pointer Test 
The final simulation is for comparison to a visual laboratory test.  The visual test 
consisted of two different lasers of equal power but different wavelengths.  These lasers 
were ~5 milliwatts and included red and green wavelengths.  A laser with the wavelength 
of blue light was not used in the test because of the rarity and high price of this type of 
laser.  Both lasers were shot in a dark room with observers in different locations.  The 
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observers could not see the red laser at any angle; however, the green laser could be seen.  
The beam of the green laser could be seen due to atmospheric Rayleigh scattering 
because this is more dominant at shorter wavelengths than Mie scattering.  Mie scattering 
could be seen when dust particles floated through the beam.  The backscattering of the 
green laser was easily seen. The side scattering was not seen until the eyes fully adjusted 
to the dark.  The forward scattering was also easily seen and seemed slightly stronger 
than the backscattering intensity.  The HELEEOS simulation consisted of five-milliwatt 
laser beams with aperture diameters of five millimeters and a slant range of 10 meters.  
Three observation points were used, which were all one meter east of the beam.  The first 
point had the same northing coordinate as the platform, the second point was five meters 
north of the platform, and the third point was ten meters north of the platform.   
The results of the laser pointer simulation are shown below in Table 6. 
Table 6: Laser pointer simulation 
 Blue Laser Green Laser Red Laser 
Backscatter 4.0046e-13 3.07e-14 3.78e-15 
Side-scatter 8.6666e-14 6.72e-015 9.02e-16 
Forward-scatter  4.5641e-13 3.59e-014 5.44e-15 
These numeric values agree with the visual tests that where previously conducted.  It can 
be seen that the forward-scatter and backscatter values are all very close, but forward-
scatter is still dominant.  The stronger Rayleigh scattering is responsible for this.  As seen 
in the visual test, the side scattering values are the lowest.  It can also be seen that as the 
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wavelength gets longer, forward scattering is significantly stronger than the 
backscattering. 
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V. Conclusions and Recommendation 
Conclusions of Research 
This study demonstrates by computer simulation that critical information can be 
derived about HEL platform characteristics and the intended target via the measured off-
axis scattered beam intensity.   However, for this to be determined, the exact location of 
the platform and target must be known. This is not taking into account the additional 
scattering that would be caused by the laser beam interacting with the target (target 
reflection or BRFD). This also assumes that inversion techniques used to acquire the 
information are sensitive enough to distinguish the signal of the beam from the 
surrounding background noise.  Such inversion calculation methods are suggested by this 
research, but not described herein.  The lasers being observed consist of a single 
wavelength that would assist in distinguishing the signal from the noise.  The exact 
atmospheric condition and time of day must be known.  Combining this information with 
observed off-axis intensity, the exitance from a platform and the irradiance arriving at a 
target can be calculated. Such information is of paramount importance to the Laser 
Intelligence (LASINT) community depending in the classification level of the mission 
being conducted.  This same concept, however, can work in the favor of the friendly 
forces if any opposing forces utilized HELs like those simulated in HELEEOS.    
Under typical conditions, the scattered, off-axis intensities pilots would likely 
encounter are less than the MPE amounts set forth by ICNIRP.  On the other hand, there 
are certain circumstances when the intensity values encountered by pilots exceed the 
recommended MPE values.  The case encountered here, was in the situation of a pilot 
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flying above a cloud with the target being below the cloud, and the laser having a dwell 
time of 10 seconds.  There may be many more situations that would produce off-axis 
intensity at elevated values, but it is very time consuming to test every possible 
combination of scenarios.  The major constraint that was encountered was the runtime, 
which took 4 minutes per observation point calculated in clear atmospheric conditions.  
Initially, when rain and clouds were introduced, the runtime drastically increased to more 
than an hour per observation point calculated.  By choosing a “select” wavelength with 
pre-calculated look-up tables the runtimes where dramatically reduced. 
Significance of Research 
There is an up-and-coming new technology of high-energy laser (HEL) weapon 
systems.  These technologies are currently under development with extensive research 
taking place to rapidly deploy these new innovations.  With these new technologies 
surfacing, a massive amount of new threats to safety as well as security emerge.  The 
equations and software researched and demonstrated in this study allow a starting point 
for future researchers to quantify these safety and security threats.   
Recommendations for Action 
It is recommended that action be taken for the eye safety of the pilots of these 
HEL aircraft.  Wearing goggles that reflect or absorb the specific wavelengths that the 
lasers emit would be effective.  Perhaps even more effective would be aircraft 
windshields that restrict these wavelengths because goggles can be forgotten, misplaced, 
or just not worn.  There is no action that can be taken to prevent enemies from 
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intercepting scattered rays for the use of inversion technique.  However, people can be 
educated about these intervention techniques, just as people are educated about hackers 
and malicious computer viruses. 
Recommendations for Future Research 
There are a few possible areas for research to branch from the efforts conducted in 
this research.  First there is target scatter or reflection, which is not taken into account 
here.  The scattering values calculated are conservative, and could possibly be higher.  
Target scatter can possibly get complex with the large variety of different material 
combinations and substance mixtures there can be. 
  Another topic is the study of the signal-to-noise ratio (SNR), as this research has 
documented that the off-axis intensities are very small.  It is difficult to receive a weak 
signal with clutter and background noise.  Future research should seek to characterize the 
background noise and the threshold SNR. 
The research conducted did not take into account the size of the pupil at the time 
of viewing of this scattered intensity.  In bright light, the pupil can get as small as 1.5 mm 
and in dim light it can increase to the size of 8 mm.    The part of the eye that this 
intensity enters may also be studied.  Humans have a very small viewing angle that 
allows the focusing of light.  As the viewing angle increases, the ability to focus this light 
decreases until peripheral vision is reached, which is where the focusing ability is at a 
minimum. 
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Multiple scattering is the effect of photons being scattered out of the original path 
of the laser beam and then being scattered back into the path.  These calculations can 
become very complicated and would slightly increase the scattered intensities recorded.  
Laser communications can be studied as well.  Laser communication is 
transmitting data via laser beams.  The purpose of this is for very highly secure data 
transmittal.  This method is expected to be very secure compared to transmitting data by 
radio signal.  With the scattering of the atmosphere and the proper inversion techniques 
based on the methods in this research, it may show laser communications to be less 
secure. 
Finally, the Matlab code written in this research runs fairly slow.  It needs to be 
optimized to run faster.  One immediate way to increase the speed of runs is by 
decreasing the number of segments that the script currently analyzes.  Decreasing the 
number of segments would improve time, but it would decrease the level of accuracy.  A 
proper trade-off level between the two needs to be found. 
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Appendix A 
Table 7: Geometric Reference Table 
        
Case  
Laser 
Altitude 
Target 
Altitude 
Observer 
Altitude 
Laser Slant 
Range 
Observer 
Azimuth 
Observer 
Slant Range 
Observer 
Location 
1 1,000 1,000 1,000 9000 2.86 10012.49 500m E 10km N 
2 10,000 10,000 10,000 9000 2.86 10012.49 500m E 10km N 
3 3,000 0 1,500 3,000 90 1581.13 500m E 0m N 
4 5000 0 5005 8602.32 0 5 0m E 0m N 
5 5000 0 5000 8602.32 0 7000 0m E 7km N 
6 5000 0 5000 8602.32 8.13 7071.06 1k E 7km N 
  
Table 8: Atmospheric Reference Table 
Atmosphere Type Aerosol Type Site ID 
3 – Polar North Winter 2 – Urban 16 – Thule 
 4 – Mid-Latitude North 
Summer 
5 – Continental 
Polluted 
95 – Kuwait 
5 – Mid-Latitude North Winter 8 – Maritime 
Tropical 
145 – Beijing 
6 – Tropical Summer 9 – Arctic 157 – Cairo 
16 – ExPERT Location 0 – N/A 253 – Wright-Patterson 
AFB 
  265 – Caracas 
  0 – N/A 
Percentile Time of Day Use Clouds Cloud Types 
1 – 1%(most dry) 1 – 0000-0300 0 – don’t use clouds 1 – Cumulus Continental Clean
5 –50%(average) 3 – 0600-0900 1 – use clouds 4 – Stratus Continental 
9 – 99%(most damp) 5 – 1200-1500   6 – Fog 
 9 – Daily Average  7 – Very Light Rain 
   8 – Light Rain 
   9 – Moderate Rain 
   10 – Heavy Rain 
   11 – Extreme Rain 
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Table 9: Stratus Continental Clouds 
Atmosphere 
Type 
Aerosol 
Type 
Site 
id Percentile 
Time 
of 
Day 
Use 
Clouds 
Cloud 
Type 
Cloud 
Upper 
Altitude 
Cloud Lower 
Altitude 
16 0 265 5 9 1 4 1,600 999 
16 0 16 5 9 1 4 1,600 999 
16 0 95 5 9 1 4 1,600 999 
16 0 253 5 9 1 4 1,600 999 
16 0 157 5 9 1 4 1,600 999 
16 0 145 5 9 1 4 1,600 999 
 
Figure 15: Stratus Continental Clouds 
 
  65
Table 10: Cumulus Continental Clean Clouds 
Atmospher
e Type 
Aerosol 
Type 
Site 
id Percentile 
Time 
of 
Day 
Use 
Clouds 
Cloud 
Type 
Cloud 
Upper 
Altitude 
Cloud 
Lower 
Altitude 
16 0 265 5 9 1 1 1,600 999 
16 0 16 5 9 1 1 1,600 999 
16 0 95 5 9 1 1 1,600 999 
16 0 253 5 9 1 1 1,600 999 
16 0 157 5 9 1 1 1,600 999 
16 0 145 5 9 1 1 1,600 999 
 
Figure 16: Cumulus Continental Clean Clouds 
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Table 11: Fog (1) 
Atmosphere 
Type 
Aerosol 
Type 
Site 
id Percentile 
Time 
of 
Day 
Use 
Clouds 
Cloud 
Type 
Cloud 
Upper 
Altitude 
Cloud 
Lower 
Altitude 
16 0 265 5 9 1 6 1,600 999 
16 0 16 5 9 1 6 1,600 999 
16 0 95 5 9 1 6 1,600 999 
16 0 253 5 9 1 6 1,600 999 
16 0 157 5 9 1 6 1,600 999 
16 0 145 5 9 1 6 1,600 999 
 
 
Figure 17: Fog (1) 
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Table 12: Fog (2) 
Atmosphere 
Type 
Aerosol 
Type 
Site 
id Percentile 
Time 
of 
Day 
Use 
Clouds 
Cloud 
Type 
Cloud 
Upper 
Altitude 
Cloud 
Lower 
Altitude 
16 0 265 5 9 1 6 1,0001 0 
16 0 16 5 9 1 6 1,0001 0 
16 0 95 5 9 1 6 1,0001 0 
16 0 253 5 9 1 6 1,0001 0 
16 0 157 5 9 1 6 1,0001 0 
16 0 145 5 9 1 6 1,0001 0 
 
Figure 18: Fog (2) 
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Table 13: Very Light Rain 
Atmosphere 
Type 
Aerosol 
Type 
Site 
id Percentile 
Time 
of 
Day 
Use 
Clouds 
Cloud 
Type 
Cloud 
Upper 
Altitude 
Cloud 
Lower 
Altitude 
16 0 265 5 9 1 7 1,0001 0 
16 0 16 5 9 1 7 1,0001 0 
16 0 95 5 9 1 7 1,0001 0 
16 0 253 5 9 1 7 1,0001 0 
16 0 157 5 9 1 7 1,0001 0 
16 0 145 5 9 1 7 1,0001 0 
 
Figure 19: Very Light Rain 
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Table 14: Light Rain 
Atmosphere 
Type 
Aerosol 
Type 
Site 
id Percentile 
Time 
of 
Day 
Use 
Clouds 
Cloud 
Type 
Cloud 
Upper 
Altitude 
Cloud 
Lower 
Altitude 
16 0 265 5 9 1 8 1,0001 0 
16 0 16 5 9 1 8 1,0001 0 
16 0 95 5 9 1 8 1,0001 0 
16 0 253 5 9 1 8 1,0001 0 
16 0 157 5 9 1 8 1,0001 0 
16 0 145 5 9 1 8 1,0001 0 
 
Figure 20: Light Rain 
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Table 15: Moderate Rain 
Atmosphere 
Type 
Aerosol 
Type 
Site 
id Percentile 
Time 
of 
Day 
Use 
Clouds 
Cloud 
Type 
Cloud 
Upper 
Altitude 
Cloud 
Lower 
Altitude 
16 0 265 5 9 1 9 1,0001 0 
16 0 16 5 9 1 9 1,0001 0 
16 0 95 5 9 1 9 1,0001 0 
16 0 253 5 9 1 9 1,0001 0 
16 0 157 5 9 1 9 1,0001 0 
16 0 145 5 9 1 9 1,0001 0 
 
Figure 21: Moderate Rain 
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Table 16: Heavy Rain 
Atmosphere 
Type 
Aerosol 
Type 
Site 
id Percentile 
Time 
of 
Day 
Use 
Clouds 
Cloud 
Type 
Cloud 
Upper 
Altitude 
Cloud 
Lower 
Altitude 
16 0 265 5 9 1 10 1,0001 0 
16 0 16 5 9 1 10 1,0001 0 
16 0 95 5 9 1 10 1,0001 0 
16 0 253 5 9 1 10 1,0001 0 
16 0 157 5 9 1 10 1,0001 0 
16 0 145 5 9 1 10 1,0001 0 
 
Figure 22: Heavy Rain 
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Table 17: Extreme Rain 
Atmosphere 
Type 
Aerosol 
Type 
Site 
id Percentile 
Time 
of 
Day 
Use 
Clouds 
Cloud 
Type 
Cloud 
Upper 
Altitude 
Cloud 
Lower 
Altitude 
16 0 265 5 9 1 11 1,0001 0 
16 0 16 5 9 1 11 1,0001 0 
16 0 95 5 9 1 11 1,0001 0 
16 0 253 5 9 1 11 1,0001 0 
16 0 157 5 9 1 11 1,0001 0 
16 0 145 5 9 1 11 1,0001 0 
 
Figure 23: Extreme Rain 
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Table 18: Relative Humidity 1st Percentile 
Atmosphere 
Type 
Aerosol 
Type 
Site 
id Percentile 
Time 
of 
Day 
Use 
Clouds 
Cloud 
Type 
Cloud 
Upper 
Altitude 
Cloud 
Lower 
Altitude 
16 0 265 1 9 0 0 0 0 
16 0 16 1 9 0 0 0 0 
16 0 95 1 9 0 0 0 0 
16 0 253 1 9 0 0 0 0 
16 0 157 1 9 0 0 0 0 
16 0 145 1 9 0 0 0 0 
 
Figure 24: Relative Humidity 1st Percentile 
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Table 19: Relative Humidity 50th Percentile 
Atmosphere 
Type 
Aerosol 
Type 
Site 
id Percentile 
Time 
of 
Day 
Use 
Clouds 
Cloud 
Type 
Cloud 
Upper 
Altitude 
Cloud 
Lower 
Altitude 
16 0 265 5 9 0 0 0 0 
16 0 16 5 9 0 0 0 0 
16 0 95 5 9 0 0 0 0 
16 0 253 5 9 0 0 0 0 
16 0 157 5 9 0 0 0 0 
16 0 145 5 9 0 0 0 0 
 
Figure 25: Relative Humidity 50th Percentile 
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Table 20: Relative Humidity 99th Percentile 
Atmosphere 
Type 
Aerosol 
Type 
Site 
id Percentile 
Time 
of 
Day 
Use 
Clouds 
Cloud 
Type 
Cloud 
Upper 
Altitude 
Cloud 
Lower 
Altitude 
16 0 265 9 9 0 0 0 0 
16 0 16 9 9 0 0 0 0 
16 0 95 9 9 0 0 0 0 
16 0 253 9 9 0 0 0 0 
16 0 157 9 9 0 0 0 0 
16 0 145 9 9 0 0 0 0 
 
Figure 26: Relative Humidity 99th Percentile 
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Table 21: Time of Day 0000-0300 
Atmosphere 
Type 
Aerosol 
Type 
Site 
id Percentile 
Time 
of 
Day 
Use 
Clouds 
Cloud 
Type 
Cloud 
Upper 
Altitude 
Cloud 
Lower 
Altitude 
16 0 265 5 1 0 0 0 0 
16 0 16 5 1 0 0 0 0 
16 0 95 5 1 0 0 0 0 
16 0 253 5 1 0 0 0 0 
16 0 157 5 1 0 0 0 0 
16 0 145 5 1 0 0 0 0 
 
Figure 27: Time of Day 0000-0300 
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Table 22: Time of Day 0600-0900 
Atmosphere 
Type 
Aerosol 
Type 
Site 
id Percentile 
Time 
of 
Day 
Use 
Clouds 
Cloud 
Type 
Cloud 
Upper 
Altitude 
Cloud 
Lower 
Altitude 
16 0 265 5 3 0 0 0 0 
16 0 16 5 3 0 0 0 0 
16 0 95 5 3 0 0 0 0 
16 0 253 5 3 0 0 0 0 
16 0 157 5 3 0 0 0 0 
16 0 145 5 3 0 0 0 0 
 
Figure 28: Time of Day 0600-0900 
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Table 23: Time of Day 1200-1500 
Atmosphere 
Type 
Aerosol 
Type 
Site 
id Percentile 
Time 
of 
Day 
Use 
Clouds 
Cloud 
Type 
Cloud 
Upper 
Altitude 
Cloud 
Lower 
Altitude 
16 0 265 5 5 0 0 0 0 
16 0 16 5 5 0 0 0 0 
16 0 95 5 5 0 0 0 0 
16 0 253 5 5 0 0 0 0 
16 0 157 5 5 0 0 0 0 
16 0 145 5 5 0 0 0 0 
 
Figure 29: Time of Day 1200-1500 
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Appendix B 
Table 24: Maximum Permissible Exposure (MPE) for small source ocular exposure to a laser beam 
(ANSI Z136.1, 2000)  
 
 
 
  80
Table 25: Maximum Permissible Exposure (MPE) for extended-source ocular exposure to a laser 
beam for long exposure durations (ANSI Z136.1, 2000)  
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Table 26: Maximum Permissible Exposure (MPE) for skin exposure to a laser beam (ANSI Z136.1, 
2000) 
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Table 27: Parameters and Correction Factors (ANSI Z136.1, 2000) 
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